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ABSTRACT: In this paper we report on a detailed study of ionization signals produced by Compton
electrons and alpha-particles in a Time Projection Chamber (TPC) filled with different mixtures
of liquid Argon and Nitrogen. The measurements were carried out with Nitrogen concentrations
up to 15% and a drift electric field in the range 0-50 kV/cm. A prediction for proton ionization
signals is made by means of interpolation. This study has been conducted in view of the possible
use of liquid Ar−N2 TPCs for the detection of gamma-rays in the resonant band of the Nitrogen
absorption spectrum, a promising technology for security and medical applications.
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1. Introduction
The liquid Argon Time Projection Chamber (TPC) is an ionizing particle tracking detector first
proposed in 1977 [1, 2]. Due to the higher density of liquids, the measurement of the linear ioniza-
tion density dE/dx is more efficient compared to gas TPCs. This also allows a better identification
of the charged particles producing ionization. The study presented in this paper is part of a com-
prehensive R&D program on liquid Argon TPCs that we are conducting in Bern since a few years
[3-8].
Gamma Nuclear Resonant Absorbtion (GNRA) radiography is an element-specific imaging
technique. In particular, GNRA radiography of Nitrogen is a promising technology for medical and
security applications [9-12]. The characteristic feature of 9.17 MeV resonant gamma-conversion
in a Nitrogen-rich detector is the production of a proton with an energy of about 1.75 MeV. Non-
resonant gammas, however, mostly produce Compton electrons with a nearly flat spectrum from 0
to 9 MeV, assuming that a monoenergetic 9.17 MeV photon beam is used, which corresponds to the
resonant absorbtion line in Nitrogen. A significant fraction of e+e− pairs is also produced. Since
the width of the resonant line is very narrow (order of 100 eV), it does not seem to be possible
to produce an illumination source with such a narrow emission line. Hence, out-of-resonance
gammas are always present. Therefore, the separation of resonant and non-resonant gammas can
be performed if the detector is capable to distinguish 1.75 MeV protons from Compton electrons.
In a dense medium (about 1 g/cm3) the tracks left by protons appear as dot-like clusters with a size
of the order of 10 microns, while Compton electrons leave extended scattered tracks with a few
millimeters length and much less ionization density along the track. Using a tracking detector with
spatial resolution of the order of 1 mm, the separation can efficiently be performed by the combined
analysis of ionization density and track topology.
The approach that we are proposing is to use a cryogenic TPC, filled with a mixture of liquid
Argon and Nitrogen. The concentration of Nitrogen is chosen to be high enough to provide high
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gamma-conversion efficiency in the resonant band on one hand, and low enough to allow sufficient
charge transport and collection performance on the other. In order to prove the feasibility of this
approach, the knowledge of the behaviour of the ionisation charge produced by 1.75 MeV protons
in liquid Argon-Nitrogen mixtures with a relatively high (>5%) content of Nitrogen is needed. In
particular, knowing the charge recombination as a function of the electric field in the TPC is very
important.
The first observations of signals in ionization chambers filled with mixture of liquid Argon
and 5 mol % Nitrogen date from 1948 [13]. Later it was shown that the charge attachment cross
section in liquid Argon-Nitrogen mixtures is rather low, so that an efficient transport of the ion-
ization signal in such mixtures is possible [14-20]. In [6] we confirmed the reliable detection of
ionization signals from electrons with an energy in the range 0.6-1.3 MeV with a TPC filled with
a liquid Argon- Nitrogen mixtures (LAr-N TPC), with a Nitrogen content of up to 6 vol %. The
present work is focused on the electron-proton separation capability of a TPC filled with a LAr-N
mixture with the Nitrogen content up to 15 vol %. Since the injection of 1.75 MeV protons directly
into the TPC medium is an extremely difficult experimental task, we used 241Am as a source of
alpha-particles. Together with Compton electrons from a 60Co gamma-source, this setup provided
extreme conditions to study the behaviour of heavy (alpha) and light (electron) particles, with the
protons expected to be in between. The response to protons is hence predicted by interpolation of
alpha and electron data.
2. Experimental setup, data taking and analysis
A short drift-gap TPC has been constructed and operated with a relatively high (up to 50 kV/cm)
electrostatic drift field. The chamber has an adjustable drift distance ranging from 3 to 10 mm, 20
tungsten wires with 2 mm spacing, and a length of 103 mm. Out of 20 wires, 8 in the center are
read out and the others are connected to ground potential to provide a uniform electric field in the
drift region (see Figure 1).
The cryogenic system and the TPC charge readout scheme are described in detail in [6] where
results of measurements of ionization signals from Compton electrons with an energy of up to
1.3 MeV are also presented.
2.1 Measurement of the Nitrogen concentration in liquid Ar−N2 mixture
For the studies described in this paper the accuracy on the measurement of the Nitrogen concen-
tration was improved compared to the measurements reported in [6]. Due to the fact that liquid
Argon (ρ = 1.394 kg/l) is much denser than liquid Nitrogen (ρ = 0.809 kg/l), the density of the
mixture is a good indicator for the Nitrogen concentration. To measure the mixture density we
used a tuning fork made of steel, which has a mechanical resonance at a frequency of the order of
2 kHz. The oscillations of the fork are damped by the surrounding medium, which also shifts its
resonant frequency. A tuning fork can be considered as an harmonic oscillator with damping.
The resonant frequency ωd of such a system is determined by:
ωd =
√
ω20 −
(
b
2m
)2
(2.1)
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Figure 1. Scheme of the TPC. Out of 20 wires only 8 wires located at the center are read out in order to
avoid edge effects.
where ω0 is the resonance frequency without damping, b is the damping constant and m is the
mass of the oscillating system.
The resonant frequency changes with the damping factor, which increases with the density and
the viscosity of the medium. The temperature affects the resonant frequency of the fork as well. The
lower the temperature, the more rigid is the fork, hence increasing the resonance frequency. The
combination of the above mentioned effects results, to first approximation, in a linear dependence
of the resonant frequency on the concentration of Nitrogen in liquid Argon.
The experimental setup used for the measurements reported in this paper is shown in Figure 2,
where the newly designed sensors for the Nitrogen concentration in liquid Argon [21] are visible.
The sensor fork is excited from one side by a miniature hammer driven by an electromagnet.
A readout coil with a small permanent magnet in front is placed on the other side of the fork.
Figure 3 shows the density meter assembly. The oscillation of the fork induces an electric signal
in the readout coil. For the monitoring of the possible stratification of the mixture 3 sensors have
been built and installed at different depths in the detector vessel.
The signal from the pickup coil is acquired with a dedicated commercial DAQ card1. To
extract the oscillation frequency the analysis of the fork oscillations is performed by a specially
conceived LabVIEW program.
The tree density sensors were calibrated with different Ar−N2 mixtures at atmospheric pres-
sure. All three sensors showed a linear dependence in the range from zero to 100 vol % of Nitrogen
1NI USB-6009 by National Instruments (10 analog inputs, 12 digital I/O, 32-bit counter).
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Figure 2. Photograph of the detector: 1-dewar top flange, 2-wires of the TPC, 3-resonance based density
meters, 4-level meter.
content as presented in Figure 4. The slight difference in resonance frequency between sensors
is due to the fork mechanical tolerances. The statistical accuracy of the Nitrogen concentration
measurements was estimated to be ±0.1% and the systematic uncertainty of the calibration mea-
surement ±0.3% in the concentration range of 0%-20%. The sensor is very stable in time, with
variations during 24 hours not larger than the statistical error. Throughout this paper the concen-
tration of Nitrogen will be given in volume %, corresponding to the equilibrium temperature at
atmospheric pressure (working condition of our TPC).
The detector dewar was initially filled with liquid Argon, purified by an Oxygen-trapping
cartridge (for details of the procedure see [6]). Then, liquid Nitrogen, purified in the same way,
was added. For the ionization measurements the Nitrogen concentration gradually raised from 0%
to 15%. The Nitrogen concentration was permanently monitored by the three sensors located at
the top, in the middle, and at the bottom of the detector. The concentration as a function of time is
plotted in Figure 5. For each Nitrogen concentration the ionization signal was acquired for different
TPC drift fields. The measurements of the ionization signals started about 10-20 minutes after the
Nitrogen addition, in order to let the mixture stabilize. The ionization measurements started when
concentration fluctuation went down to 0.1%. The difference between the concentrations at the top,
in the middle and at the the bottom levels of the dewar due to mixture nonuniformity was always
within 1.5%.
Three series of measurements were performed. In order to measure the ionization produced by
Compton electrons with energies of about 1 MeV, we used a 60Co γ-radioactive source and a TPC
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Figure 3. The resonance based density meter: 1-fork, 2-receiver coil, 3-lifting magnet, 4-hammer.
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Figure 4. Calibration curves of the resonance based density meter (three different sensors), linear fit.
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Figure 5. Measured concentration of Nitrogen as a function of time during the ionization measurements.
with a drift gap of 8 mm. To characterize the ionization produced by alpha-particles we used an
241Am alpha-radioactive source located inside the chamber. In order to estimate drift charge losses
due to attachment processes on impurities, a third campaign was conducted with an alpha-source
and a smaller TPC drift gap of 5 mm.
The 60Co source was placed outside of the dewar. This source emits γ-rays of 1.17 and
1.33 MeV. They interact with the detector medium via Compton scattering producing electrons
with an energy spectrum ending at the so-called Compton edge. The contribution of the pho-
toeffect is negligible. The energy of the Compton edge for gammas of energy Eγ is given by
Ec = Eγ/(1+ mec
2
2Eγ ), where me is the electron rest mass. These electrons produce electron-ion pairs
in liquid Argon, in average one pair per 23.6 eV of deposited energy [18]. For the 1.33 MeV gam-
mas of 60Co the maximum Compton electron energy is 1.11 MeV and the total produced charge
corresponding to the electrons at this Compton edge is about 7.6 fC. We used this value to calibrate
our measurements, as described below.
The 241Am source was directly placed on the TPC cathode plate. 241Am emits alpha-particles
with an energy of 5.637 MeV. The source is covered by a protection layer of Au-Pd alloy (5 µm
thick). This reduces the mean energy of the alpha-particles to about 3.3 MeV (calculated theoreti-
cally and confirmed by measurement performed with a scintillator calorimeter), producing in liquid
Argon a charge of 22.2 fC (assuming the same 23.6 eV per electron-ion pair as for electrons). The
energy of the alpha-particles after passing the protection layer is smeared according to a Landau
distribution.
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2.2 Calculation of the ionization charge in a TPC
The primary electric charge produced in a drift chamber is reduced by charge recombination during
the drift across the anode-cathode gap. The recombination process is well described by the so-
called Box model [22], where the ionization charge is assumed to be uniformly distributed in a box
volume of linear dimension a equal to the ionization column diameter, and diffusion effects are
neglected. This assumption is appropriate for fields higher than 1 kV/cm, which is the case for the
measurements described in this paper. In this model the charge that is left after recombination is
given by:
q0 = Q0 1ξ ln(1+ξ ), ξ =
N0Kr
4a2u−E
(2.2)
where Q0 is the produced charge, q0 is the charge left after the recombination, E is the applied
electric field, N0 is the number of produced electron-ion pairs in the box of linear dimension a, u−
is the electron mobility, and Kr is a term related to the recombination cross section. The number of
produced electron-ion pairs in the box can be derived from the total ionization charge Q0 and the
track length L given by the particle range:
N0 =
Q0
e
a
L
(2.3)
Here, we assume uniform ionization along the track. The remaining charge after recombina-
tion can be expressed by:
q0 =
4au−eLE
Kr
ln
(
1+ Q0Kr
4au−eLE
)
(2.4)
Introducing κ = Kr4aeLu− we end up with the following expression:
q0 =
E
κ
ln
(
1+
Q0κ
E
)
(2.5)
where Q0 corresponds to the total produced charge and κ is a parameter depending on the
recombination cross section, the dimension of the box, the range of the ionizing particle, and
the mobility of the produced charge. This form of the Box model is more appropriate to fit our
experimental data than (2.2).
After the primary recombination, the spectrum of the collected charge is affected by the fol-
lowing further effects:
• Charge loss during the drift.
The source of these losses is the attachment of the drifting electrons to electronegative impu-
rities present in Argon, such as Oxygen, in particular. The collected charge of a TPC after a
drift distance D is given by:
q = q0 e−D/λ (2.6)
where q0 is the remaining charge after recombination, D is the drift distance, and λ is the
attenuation length which is a function of the Argon purity and temperature.
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The probability distribution function of the collected charge q from Compton electrons from
monochromatic gamma photons is given by the following composite domain function:
0 < q < qe e−D/λ
P(q) =
λ
D
[
8
3
(eD/λ −1)− 8
3
(e2D/λ −1) q
Eγ
+
14
9 (e
3D/λ −1) q
2
E2γ
+
1
2
(e4D/λ −1) q
3
E3γ
]
;
qe e−D/λ < q < qe
P(q) =
λ
D
[
8
3
(
qe
q
−1
)
− 83Eγ
(
qe
q
qe−q
)
+
14
9E2γ
(
qe
q
q2e −q2
)
+
1
2E3γ
(
qe
q
q3e −q3
)]
;
(2.7)
where D is the drift distance between the TPC cathode plate and the wire plane, λ is the
attenuation length, Eγ is the energy of the incident γ , and qe is the charge left after recom-
bination for electrons with an energy at the end point of the Compton spectrum (Compton
edge). This function is a convolution of the Klein-Nishina formula for Compton scattering
with an exponential for charge loss during the drift (2.6). In this work the parameter D/λ is
estimated from independent measurements with alpha particles (see Chapter 2.3).
• The energy resolution of the TPC and the readout system.
A Monte-Carlo simulation, based on the Klein-Nishina formula for Compton scattering is
used to estimate the effect of the detector resolution on the derived value for the Compton
edge. Attachment losses are taken into account assuming D/λ ≤0.2 (see Chapter 2.3). The
simulated data smeared with the energy resolution are fitted with the function (2.7). The
discrepancy between the end-point value derived from the fit and the input value from the
simulation is then estimated.
• Secondary γ-rays from Compton scattering.
A Monte-Carlo simulation is also used to estimate the effect of secondary scattered gamma-
rays from Compton effect on the derived value for the Compton edge. Full volume and the
geometry of the detector were simulated, except the dewar walls, since their contribution is
estimated to be negligible.
The endpoint value of the Compton spectrum derived from the fit (2.7) is found to be practi-
cally insensitive to the effect of secondary γ-ray interactions, since the effect contributes just to the
low energy part of the spectrum. The attachment losses at the purity level of our setup are found
to be negligible as well (see Chapter 2.3). However, the endpoint value is considerably affected
by the energy resolution of the detector. The combined effect is illustrated in Figure 6. For the
case shown in this Figure, the value of the Compton edge derived from the fit is off by about 18%
from the true value and has to be corrected by this factor. The correction factor is calculated as the
function of the detector energy resolution, and applied to the fitted data points.
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Figure 6. Monte-Carlo simulation of the signal amplitude spectrum from Compton electrons with an end-
point corresponding to 7.6 fC of collected charge. The black histogram A represents the energy distribution
of Compton electrons from 60Co gammas. The green histogram B shows the collected ionization charge
after taking into account secondary gammas, attachment losses and detector energy resolution.
2.3 Measurement of the ionization produced by Compton electrons and alpha-particles
The main goal of the conducted measurements is to find out parameters of the Box model (2.5) and
their dependence on the Nitrogen concentration for alpha-particles and for Compton electrons. For
this task the calibration of the detector (establishing the correspondence between millivolts of the
pulse amplitude on ADC and femto-Coulombs of the charge collected by the wire) is necessary.
As explained in the previous Chapter, the detector energy resolution and the drift losses must
be measured experimentally in order to be taken into account for detector calibration, while the
secondary gamma effect can be corrected for on the basis of Monte-Carlo simulation only.
The ionization charge collected by the TPC wires is measured using fast charge-sensitive am-
plifiers. The TPC charge readout scheme is described in detail in [6].
• Measurement of the energy resolution of the TPC and the readout system.
In order to measure the energy resolution of our TPC we used an alpha-source based on
the 241Am isotope. The energy spectrum of the 241Am has a major line (≈ 85%) peaked
at 5.486 MeV. A thin (<1 µm) 241Am layer is deposited in a Silver substrate and sealed
with a 5 µm thick protection layer of Au-Pd alloy. The energy spectrum of the source
is calculated analytically from the energy loss across the 5 µm thick protection layer, using
Landau distribution. The mean energy is found to be 3.3 MeV. The spectrum is approximated
by a Gaussian with σ = 0.16 MeV. For a cross-check the mean energy is measured by the
scintillator calorimeter and found to be in a good agreement with calculations.
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An alpha-particle of this energy stops in liquid Argon within few tens of microns, so the
signal from ionization is always collected by only one TPC wire. This makes the detailed
distribution of the energy deposition along the track irrelevant. Experimentally we obtain
the ionization charge distributions shown in Figure 7. These distributions are fitted with a
Gaussian function. The mean value of the fit corresponds to the collected charge, the width
is determined by the energy resolution of the detector and the energy distribution of the
source. The energy resolution improves with increasing drift field and gets worse by adding
Nitrogen.
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Figure 7. Measured signal amplitude spectra from ionization induced by alpha-particles from 241Am for
different drift fields. The TPC is filled with pure liquid Argon.
The energy resolution of the detector was derived by subtracting in squares the RMS of the
source energy spectrum from the RMS of the ionization signal spectrum from 241Am alpha-
particles. In Figure 8 the resulting energy resolution of the detector is shown.
• Measurement of charge loss during the drift.
Alpha-particles data taken at two different drift lengths have been studied in order to estimate
the effect of charge loss due to electronegative impurities. In Figures 9 and 10 the collected
charge is shown as a function of the electric field for different Nitrogen concentrations and
drift length 7.9 mm and 5.1 mm respectively. By comparing the two measurements no sig-
nificant difference was observed. This means that the attachment losses can be neglected
for the drift distances of this order and the obtained purity of the Argon and Nitrogen. For
pure Argon this is also suggested by results published in [7], where a similar technique of
the liquid Argon purification is used. For the mixture of Ar−N2 we set the upper limit for
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Figure 8. TPC energy resolution for different drift-field intensities and different Nitrogen concentrations.
The drift distance is 5.1 mm. Data points are fitted with the A+B/
√Q function, where Q is the collected
ionization charge.
the ratio D/λ ≤ 0.2 estimated from the charge measurement error, comparing measurements
with two drift lengths.
• Detector calibration.
In order to establish the relationship between the electric pulse read out by the preamplifiers
and the charge collected by the TPC wires, the following effect must be taken into account.
The ionization density of alpha-particles is higher compared to minimum ionizing particles
(MIP). This effect strongly enhances the recombination losses even for fields up to 47 kV/cm,
the limit reached in our measurements. On the other hand, the W-value (fraction of the
deposited energy needed to create one electron-ion pair) is well known for MIPs, but not so
precisely measured for heavily ionizing particles. This suggests to use Compton electrons
for calibration, rather than alpha-particles. Comparing the end-point value derived from the
fit of the signal distribution in millivolts (corrected for the effects, desribed above) with the
calculated theoretical value of the electron energy corresponding to the Compton edge allows
to derive the conversion factor from mV of registered pulse to fC of collected charge. This
conversion factor, measured for electrons in pure Argon, is then applied to the measured data
for both alphas and electrons in Ar−N2 mixtures.
To produce Compton electrons we used a 60Co gamma source placed outside of the dewar. The
distributions of ionization signals from Compton electrons are fitted with the probability distribu-
tion function (2.7). Since 60Co emits photons of 1.17 MeV and 1.33 MeV with equal intensities,
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Figure 9. Collected charge produced by an 241Am source for different drift-field intensities and Nitrogen
concentrations. The 241Am source is placed directly at the cathode plate of the TPC, so that the drift distance
is 7.9 mm. The calibration procedure described in the text is applied. Points are fitted with the Box model.
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Figure 10. Same plot as in Figure 9, but for a drift distance of 5.1 mm.
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the fitting function is represented by the sum of two functions of the form (2.7) with corresponding
values of Eγ . The fit allows to derive the collected charge, corresponding to the endpoints of both
the 1.17 MeV and the 1.33 MeV photon Compton spectra. The measured energy resolution for
each drift field and Nitrogen concentration and the limiting value for D/λ ≤ 0.2 are used to derive
the correction factor for a corresponding Compton edge as described in Chapter 2.2.
In Figure 11, measured Compton spectra at different electric field intensities are shown. Figure
12 shows the collected charge derived from the fitted end points of the Compton spectra at different
electric field intensities and different Nitrogen concentrations. The error of the endpoint value is
found to be in the range of 1.5% to 6%.
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Figure 11. Measured spectra of the ionization charge from 60Co Compton electrons for different drift fields.
The TPC was filled with pure liquid Argon.
In order to compare the charge recombination for Compton electrons and alpha-particles we
used the Box recombination model in the form (2.5). The experimental curves in Figures 9,10 and
12 are fitted with this function. This allows to determine the parameters κ and Q0 as a function
of the Nitrogen concentration in the mixture. The following conversion is then made, using for L
values from the CSDA range tables [23]:
au−
Kr
=
1
4eLκ
, W =
e∗Ep
Q0 , (2.8)
where W is the energy needed to create one electron-ion pair in the Ar−N2 mixture and Ep is
the energy of the ionizing particle, namely the mean energy for alpha-particles, and the Compton
edge energy for electrons.
In Figure 13 the parameters au−Kr and W are shown as a function of the Nitrogen concentration
in the mixture.
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Figure 12. Collected charge corresponding to the Compton edge from 60Co for different drift field intensities
and different Nitrogen concentrations. Experimental data are fitted with the "Box model".
The parameter that characterizes the recombination factor au−Kr shows a large difference for
alpha-particles and electrons at 0% Nitrogen concentrations (factor of about 10). This reflects the
difference in the ionization column diameter a, which is larger for heavily ionizing alpha-particles,
since their tracks are "dressed" with δ -electrons.
The drop of au−Kr with the increasing Nitrogen content can be partially attributed to the drop of
electron mobility u−, as demonstrated in [17]. However, the different slopes of these curves for
electrons and alpha-particles suggest also a variation in the track diameter a.
At 0% Nitrogen concentration, W for both alpha-particles and electrons is equal to well known
value of 23.6 eV [18] within the statistical error. Therefore, the energy needed to create an electron-
ion pair is similar in both cases. This is an indirect confirmation of the calibration accuracy, since
the conversion from a signal in mV to a charge in fC is made only for the electron data and then
applied to the alpha-particle data.
Increasing the Nitrogen concentration leads to quenching of the ionization due to faster elec-
tron thermalization. The thermalization is strongly enhanced by the presence of the rotational and
vibrational energy levels of molecular Nitrogen below 10 eV. Hence, the W value increases with
the Nitrogen content. However, the effect seems to be much stronger for heavily ionizing alpha-
particles than for electrons. A similar difference was observed in [24] for a mixture of liquid Argon
with another molecular dopant, Ethylene. Quenching seems to be more effective in the region with
high charge density along the particle track. The explanation could be in the multi-body interac-
tion kinematics in the region of high ionization density for alpha-particles, when part of the energy
transfered to molecular dopant can leak to the free electrons produced by ionization.
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Figure 13. Left: au−Kr parameter for the alpha particles and electrons as a function of the Nitrogen concen-
tration. Right: measured data of the W value as a function of the Nitrogen concentration.
3. Prospects for GRNA applications
In the resonant absorption of 9.17 MeV gamma-rays by 14N nuclei, the latter decay into a proton
and a 13C nucleus. The proton has an energy of 1.75 MeV, and leaves in the liquid Argon an
ionization track about 10 µm long. In order to experimentally study the ionization yield from such
protons in the liquid Ar−N2 mixtures, one would need a proton source, that can deliver 1.75 MeV
protons directly into the TPC drift volume. To our knowledge such a radiation source does not exist
at present. The only way such protons can be produced in the TPC is the Gamma Nuclear Resonant
Absorbtion. A monochromatic source of gamma photons with a spectral width comparable to the
GRNA resonance width (order of 100 eV) is also not easily available. The only feasible way
to investigate the ionization behaviour of the protons is the extrapolation from electrons (lighter
particles) on one hand and alpha-particles (heavier particles) on the other.
Using the results we have obtained from the measurement of the ionization and recombination
parameters for electrons and alpha-particles, we can extrapolate them to the case of GRNA protons,
and predict the amount of collected charge for different Nitrogen concentrations and electric field
values. This allows a pre-optimization of the operation conditions for future GRNA radiography
prototypes.
In order to derive an empirical analytic dependence of the W and κ parameters on the Nitro-
gen concentration, we fitted the curves of Figure 13 with exponential and logarithmic functions,
respectively. Although this fit is not satisfactory below 1% of Nitrogen content, at higher values it
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matches well the experimental data. To derive a similar dependences for protons we only consid-
ered the first order of the dependences of the W and κ parameters on the ionization density dE/dx.
This rough approximation assumes no detailed knowledge of the dependences of the recombination
enhancement and the ionization quenching on the ionization density. The systematic study of these
dependences is out of the scope of this paper. The results are shown in Figure 14. The red line
represents the expected curves for protons of 1.75 MeV.
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Figure 14. Left: au−Kr parameter as a function of the Nitrogen concentration, fitted by an exponential function.
Right: measured W values as a function of the Nitrogen content, fitted by a linear plus logarithmic function.
Red line: interpolated values for protons.
By using the obtained dependences of the W and κ parameters on the Nitrogen concentration,
charge-field curves for 1.75 MeV GRNA protons similar to those of Figures 9, 10 and 11 can
be predicted. These curves for different Nitrogen concentrations are shown in Figure 15. The
derivation of these dependencies is the main goal of the presented work and gives a hint about the
operating conditions of the liquid Ar−N2 TPC in order to be used as a selectively sensitive detector
for GRNA radiography. With the charge readout sensitive to ionization signals of 0.2 fC at a drift
field of 50 kV/cm the content of Nitrogen in Argon can be as high as 15% by volume. These results
indicate that liquid Ar−N2 TPC detectors can be fruitfully employed for GRNA applications.
4. Conclusions
A short drift gap Time Projection Chamber (TPC) filled with a mixture of liquid Argon and Nitro-
gen has been realized and successfully operated with Nitrogen concentrations of up to 15% for the
– 16 –
Electric field [kV/cm]
0 10 20 30 40 50
Co
lle
ct
ed
 c
ha
rg
e 
[fC
]
0
1
2
3
4
5
6 0% Nitrogen
1% Nitrogen
2% Nitrogen
4% Nitrogen
6% Nitrogen
9% Nitrogen
12% Nitrogen
15% Nitrogen
Figure 15. Expected ionization yield from protons of 1.75 MeV in a liquid Ar−N2 TPC.
first time. The performance of the TPC has been studied under different experimental conditions,
following a first set of measurements discussed in [6].
A precise measurement of the Nitrogen concentration is a key issue for the energy calibra-
tion of the TPC. For this reason, a specific resonance-based density meter was developed and an
accuracy of the order of 0.3% was obtained.
Detailed studies on electron-ion recombination for different Ar− N2 mixtures with 60Co-
Compton electrons and alpha-particles from 241Am were performed. The so-called Box model
describing the electron-ion recombination is used to fit the data, assuming that both the charge
yield W and the recombination parameter κ depend on the Nitrogen concentration. These are the
first measurements of the ionization charge behaviour for both light and heavy ionizing particles in
the mixtures of the liquid Argon and Nitrogen with Nitrogen concentrations up to 15%.
The experimental results obtained for electrons and alpha-particles were combined to derive
the expected ionization characteristics for 1.75 MeV protons. These results are very important to
define the optimal working conditions for Gamma Resonant Nuclear Absorbtion (GRNA) radiog-
raphy.
The results of these measurements are encouraging for future developments of liquid Ar−N2
TPCs. However, more studies will be needed in view of the application to the Nitrogen GRNA
radiography. In particular, the study of the scintillation signal provided by particles with differ-
ent ionization densities can give additional information for proton-electron identification in liquid
Ar−N2 TPCs. For the future we plan to continue R&D work along this direction, towards the
development of a working GRNA detector based on this principle.
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